This paper is based on long term parameter measurements of the exhaust air heat pumps (EAHP) system in a new built apartment building. The building was equipped with an exhaust air ventilation system and exhaust air heat pump for ventilation heat recover. The results of the measurements show that the COP of the EAHP is mainly related to the temperature graph of the heating system and the supply temperature of domestic hot water (DWH). During the measurement period some other impact factors, such as the quality of maintenance, the nighttime temperature graph of the heating system, the reduction of the exhaust air flows in case of low temperatures, mistakes in designing and low building quality, have also played a role. An analysis of energy consumption shows that in winter conditions the COP is about 3.0 and in the transition period about 3.3. The energy recovery value of the EAHP is 0.5.
Introduction
The performance of residential ventilation systems plays an important role in good indoor air quality. At the same time the energy consumption of the ventilation systems is a considerable part of the energy consumption of the whole building. Although the main concept of exhaust air heat pumps (EAHP) was presented decades ago, recent studies show that in case of renovating the existing buildings it can remarkably reduce the energy consumption.
The issue of exhaust air heat recovery in apartment buildings has been topical since the 1970s. If an apartment building has been built with mechanical exhaust ventilation, the EAHP can be one of the best solutions for efficient heat recovery. Therefore, the EAHP has become a developing area in the heat pump market. A number of studies on the operation and re-engineering of the EAHP have been conducted. Today, the EAHP is widely used in the Nordic countries, especially in Sweden and Finland [1] - [4] . In Estonia, multi-storey apartment buildings constitute about 60% of the whole dwelling stock. The majority (75%) of the apartment buildings were built primarily in 1961-1990 [5] . All these buildings are equipped with natural exhaust ventilation, which allows itself to be renovated into mechanical exhaust ventilation. One possible way to do that is to use EAHP systems. In addition to the Nordic countries, EAHP systems have been studied elsewhere in Europe. They have also been studied in Italian climate conditions [6] [7] . The main focus of that study was on the work of the EAHP in the heating and cooling modes [8] . The Coefficient of Performance (COP) of the EAHP system is higher in case of low-energy buildings, which have definite peak loads. At the same time the study showed that the system cannot work without an additional electric heating coil. Studies in Sweden and Germany have shown that the heat pump as the heat exchanger in the air handling unit or in combination with conventional heat exchangers gives an average of 20% saving on the power consumption of an older building. In case of new buildings with a tighter envelope, the EAHP can cover 60% -90% of the heat consumption [9] .
A tight envelope is important to achieve higher efficiency of heat recovery. In the study by Heidt F.D. [10] , it has been indicated that a building needs to have a tight envelope and that it should be possible to change the airflows in separate apartments. For maximal efficiency of the EAHP the heat should be given to the heating system and also to the domestic hot water system. In the same article it is assumed that the EAHP system is economically viable if the COP is higher than 4. A higher COP is achievable if higher primary side and lower secondary side temperature graphs are used. The solution, in which the EAHP produces only domestic hot water, is not economically viable. The same conclusion is drawn in the Belgian study [11] . The higher is the temperature of the supply water in the domestic hot water system, the lower is the COP of the EAHP. Comparing the different heat sources it can be concluded that the heat pump reduces the CO 2 emission if the COP value is higher than 2.4. At the same time the typical COP of the residential EAHP in Sweden is 3.1, which is 60% of the ventilation air heating [12] - [16] .
The EAHP systems for residential buildings have been studied most. For example, the Italian studies [13] [14] have shown that for high efficiency of the EAHP it is very important to install a well-functioning control system. The overall trend today is towards simple exhaust ventilation with an exhaust air heat pump for heat recovery and total heating. There are three major reasons for that:
1) The exhaust ventilation system only needs one fan and a less complicated duct system; 2) The EAHP can heat DHW as well as space;
3) The EAHP recovers two to three times more energy than the air-to-air heat exchanger; 4) The pressure in a building is always lower than outside, which minimizes the risk of vapor condensation in the walls-the risk of mould [12] .
Some studies also include field measurements. In Sweden three exhaust air heat pumps [15] [16] were field monitored in the existing buildings in [2004] [2005] . Ground source heat pumps of the year 2003/04 were used in buildings with radiator systems constructed between 1950 and 1970. The results yielded an average SPF of the space heating system of 2.6, ranging between 2.4 -2.9 for the five measured systems A-E. According to the field results of three exhaust air heat pumps, the SPF values are in the range of 1.4 -1.7. The results were compared with simulations, where better building insulation and the best available technology had been used. The simulations show that with the current technology (the inverter heat pump) and passive house buildings, the SPF could be increased to about 2.6 [17] .
The EAHP system can also be studied using different computer simulation programs. This way it is possible to quantify the improvements in SPF, Energy Coverage Factor, and general energy consumption attained by using BAT (inverter-controlled heat pumps, passive house technology, and low-energy household appliances) instead of the existing technology [17] [18] . In the same way simulation programs can be useful to analyse indoor air quality to find the best solutions for the mechanical exhaust ventilation system. For example, in the Swedish study [18] , where the IDA-ICE simulation program was used, it was concluded that a low-temperature heating system with fresh air radiators does not cause deterioration in climate parameters. The same conclusion was also drawn from survey results. The simulation results of the economic analysis show that the payback period of the EAHP system can be shorter than in the case of the mechanical supply-exhaust system.
Method

Theory
To assess the performance of the exhaust air heat pump in domestic hot water production as a ventilation heat recovery measure, compared to air to air heat exchanger technology, an equivalent heat recovery effectiveness eq ε Equation (1) is proposed. eq ε is defined as the ratio of the energy saving achieved by the exhaust air heat pump system in comparison with a reference system, converted to the heat losses in the heating system and ventilation
where f is the conversion factor for the specific form of energy of the considered energy flux to heat in accordance with the chosen conversion framework. Q , gross energy use, is the product of the energy demand for that flux divided by its production efficiency [19] . Power consumption for air heating can be found in the following research methodology [20] . The specific heat loss H (W/˚C) for air heating can be calculated using Equation ( 2)
where L -airflow, m 3 /s; c -specific heat of air, kJ/(kg•˚C); r -air density, kg/m 3 . Heat consumption Q (MWh) can be determined according to the heating degree days using Equation (3) ( )
where S -the number of degree days, ˚C·d; Q ŋ -energy ratio of heat recovery. In case of new built apartment buildings with the mechanical exhaust ventilation system the balance temperature of the heating period is 16˚C and in the summer period 13˚C [21] .
The annual energy ratio of ventilation heat recovery can be calculated using Equation (3) [22] 1
where st Q -annual ventilation energy demand with heat recovery, MWh; Q -annual ventilation energy demand without heat recovery, MWh.
The Studied Building
The studied building is a new five-storey apartment building with 17 apartments, built in 2011. The building has a reinforced concrete bearing construction, the exterior wall panels are made of concrete and ash gas concrete, with 200 mm of insulation. The windows have wooden frames and double glazing. There is an automatically controlled central heating system. Ventilation has been solved with a central mechanical exhaust system from the sanitary rooms (toilets and bathrooms) and kitchens. Supply air is obtained through the fresh air valve installed in the windows. The warm air extracted from the sanitary rooms passes through the cooling batteries on the roof, which with a water glycol solution transfers its heat to the heat pump (see Figure 1) (the nominal rating of the heat pump is 17 kW). The principle scheme of heat pump is shown in Figure 2 . The heat pump gives the heat energy to the returning water of the heating system and to the domestic hot water.
Measurements
To study the work of the EAHP, the following parameters were measured: The electricity consumption of the EAHP, the domestic hot water production of the EAHP, the heat production of the EAHP to the heating system, domestic hot water consumption and district heat consumption. The measuring interval was 1 minute. For saving the data from loggers the Mbus outputs of the meters and a lap-top computer with DOKOM CS software were used. Separate loggers were mounted to measure the exhaust and extract air temperatures and also water temperatures in the boiler room. The exhaust air flow in the ventilation system was measured on the roof of the building. The structural scheme of the measurements is shown in Figure 3 . The measurements were made during a 1-year period.
Results
The analysis of energy consumption shows that in winter conditions the COP is about 2.9 -3.4 and in the summer period about 3.0. The field measurements show that the energy recovery ratio of the real year is 0.58 Q = ŋ . If we assume that the EAHP works without problems, the theoretical energy recovery ratio would be close to 0.8 Q = ŋ . Calculations were made using Equation (2), Equation (3) and Equation (4) . As the outdoor climate is different during different years we have to use reference year climate. In Table 1 the energy consumption of the studied building is reduced to reference year and the proportion of EAHP and district heat are pointed out by month.
According to the measurements of the supply and return temperatures in the heating system it is possible to conclude that the nighttime temperature reduction program was used. From Figure 4 it can be assumed that the nighttime temperature reduction is approximately 3 degrees and the temperature is reduced from 22.00 till 6.00. Nighttime temperature reduction helps to increase the general COP of the EAHP system. We can also conclude that the real rated temperature graph of the heating system is 60/45˚C. As the designed temperature graph was 70/50, the real graph is replaced with the lower one to increase the COP of the EAHP system. At the same time desirable indoor air temperature is achieved and night time temperature reduction does not influence the indoor air temperature too heavily. We can see from Figure 5 that the exhaust air temperature drops by about 1 degree.
To study the work of the EAHP system in the winter period, a 21-day period was chosen. In the selected period the heat pump system worked without problems. The results of the period are shown in Table 2 . The average outdoor air temperature of the chosen period was −7˚C. It is possible to conclude that during a cold period the total EAHP production divides into 1/3 for DHW production and 2/3 for the heating water production. If we analyse the value of the COP of the EAHP according to the type of heat production, we can notice that during the heating period the COP is considerably higher. The instant values of COP in different heat pump modes are shown in Figure 6 . In the winter period the average COP in the given conditions is 3 in the DWH production mode and 3.4 in the heating mode.
In summer the EAHP works with a lower COP than during the studied winter period. The main reason for this is the fact that in summer the EAHP works only in the DHW mode. We have already seen that if the system works in the DHW mode, the COP is lower even in the winter period. To study the work of the EAHP system in the winter period a 21-day period was chosen. During the selected period the heat pump system worked without problems. The results of the period are shown in Table 3 .
If we analyse the value of the COP of the EAHP according to the type of heat production, we can notice that during the heating period the COP is considerably higher. The instant values of COP in different heat pump modes are shown in Figure 7 . In the winter period the average COP in the given conditions is 3 in the DWH production mode and 3.4 in the heating mode.
Conclusions
This paper is based on long term parameter measurements of the EAHP system in a new built apartment building. The building was equipped with the exhaust air ventilation system and exhaust air heat pumps for ventilation heat recover. The results of the measurements show that the COP of the EAHP is mainly related to the temperature graph of the heating system and the supply temperature of domestic hot water (DWH). During the measurement period some other impact factors, such as the quality of maintenance, the nighttime temperature graph of the heating system, the reduction of the exhaust air flows in case of low temperatures, mistakes in designing and low building quality, have played a role. The analysis of energy consumption shows that in winter conditions the COP is about 2.9 -3.4 and in the summer period about 3.0. When installing the exhaust air heat pump system in an old building, pre-conditions have to be met, without which it is not possible to ensure effective work of the system and indoor climate that satisfies requirements. The heating system of the building has to be adjusted to a low temperature heating graph, the recommended graphs are 55/40 or up to 60/40, because the heat pump works more effectively at a low temperature. There should be no towel dryers before the water extraction devices in the domestic hot water system, so that the hot water temperature would not have to be higher than 55˚C. The consumption analysis performed during a year showed that the exhaust air heat pump is able to produce heat according to the amount of exhaust air flow in these conditions (the air flow rate, indoor air temperature, heat transfer, efficiency of the device) producing heat pursuant to the amount of the exhaust air flow. The use of the exhaust air heat pump is more effective if, in addition to granting heat energy to the heating system, it can also be used for producing domestic hot water. In apartment buildings with the conventional mechanical exhaust ventilation system, the indoor climate is good. However, studies show that in those apartment buildings it is reasonable to use the exhaust air heat pump for energy conservation.
